Abstract. We report on the engineering of broadband quantum cascade lasers (QCLs) emitting at Terahertz (THz) frequencies, which exploit a heterogeneous active region scheme and have a current density dynamic range (J dr ) of 3.2, significantly larger than the state of the art, over a 1.3
few Hz and Doppler limited line-widths of a few kHz, and so many applications require narrow linewidth sources that have a precisely controlled frequency.
Quantum cascade lasers (QCLs) [6, 7] are the most versatile source of THz frequency radiation, combining compactness, a broad optical gain bandwidth [8] [9] [10] , continuous wave (CW) operation, high output power [11] , and an inherently high spectral purity [12, 13] with intrinsic linewidths as low as 100 Hz [12] .
In recent years, it has been demonstrated that broadband THz QCLs can also operate as optical frequency comb synthesizers [14, 9] , without requiring any additional mode-locking mechanism [15] . For this reason, THz QCLs have generated interest for a wide range of possible metrological applications, such as frequency synthesis and molecular sensing or for dual-comb spectroscopy, where multi-heterodyne detection [4] is performed, allowing both high-resolution and high sensitivity to be obtained.
An optical frequency comb comprises of a set of perfectly equally spaced modes, with the associated phases locked in a well-defined relationship to each other. Theoretical [15, 16] and experimental investigations [14, 9, 17] have confirmed that QCLs behave like frequency combs owing to intracavity third-order non-linear optical processes, stemming from a very large nonlinear susceptibility χ (3) in the active material. Specifically, the resonant third-order non-linearity inherently induces self phase-locking by the four-wave-mixing (FWM) process. FWM tends to homogenize the mode spacing and consequently acts as the main mode proliferation and comb generation mechanism in a free running QCL [9, [15] [16] [17] .
However, in a free-running multimode QCL, the modes are not uniformly spaced owing to chromatic dispersion. As result of a frequency-dependent refractive index, the laser free spectral range is index dependent, producing an unevenly spaced spectrum. The competition between FWM and group velocity dispersion (GVD) in the laser cavity therefore plays a major role in determining the QCL comb-degradation mechanism [14] .
The total GVD in a QCL comprises three main components: the dispersion from the "Reststrahlen band" of the host semiconductor material GVD mat ; the modal dispersion of the waveguide GVD mod ; and, the dispersion associated with the intersubband transitions gain, GVD gain.
While GVD mat and GVD mod provide a static contribution to the dispersion, intersubband transitions
give rise to a bias-dependent dispersion arising from the related change of the gain profile.
Heterogeneous active region (AR) designs provide an effective mechanism to achieve a low and flat GVD gain at the centre of the gain curve [9, 14] . Unlike typical homogeneous AR designs, the performance of which are characterized by a narrow gain, modulated by a Lorentzian function, in a heterogeneous AR, the gain is indeed the result of the weighted sum of the gain profiles of each individual active region module. This provides the low and flat intrinsic dispersion required to preserve comb formation in THz QCLs [18, 19] . Through use of a metal-metal waveguide, an almost homogeneous field distribution is achieved across the active region, as well as constant waveguide losses and group velocity dispersion over a broad frequency range (1-5 THz), which furthermore assists stable frequency comb operation over a large band.
However, despite these benefits, metal-metal waveguides suffer from the presence of highorder lateral modes that are not completely suppressed and lead to an uneven distribution of power in the fundamental cavity modes over the QCL gain bandwidth [20] . These modes can also be responsible for sub-pulse formation, which is undesirable for frequency comb operation and for mode-locking.
An elegant approach to circumvent this problem is to add side absorbers along the waveguide edges, which inhibits lasing of the higher order lateral modes by increasing their threshold gain [21] . This can be achieved by slightly reducing the width of the top metal layer with respect to the laser ridge, and by covering the underlying GaAs surface with a very thin lossy metallic layer [21] . Using such an approach, broadband QCLs showing frequency comb operation [22] over a limited current range ≈10-30 mA and with a current density dynamic range J dr = J max /J th ≤ 2 have been demonstrated [9, 22] , where J th is the threshold current density and J max is the maximum working current density.
In this work, we engineer a broadband heterogeneous QCL to achieve J dr = 3. . Although heterogeneous AR are widely used to achieve broadband frequency combs, broadband THz emission is normally restricted to a small fraction of J dr owing to the differences in J th and J max between individual ARs. Full broadband operation can only be achieved when the injected current density is higher than the J th of each individual AR. In our GaAs/AlGaAs heterostructures, individual ARs possess comparable J dr to ensure that broadband THz emission extends to the highest possible current density dynamic range.
To understand how the side absorbers affect the threshold gain of the fundamental mode, we calculated the frequency-dependent threshold gain of the TM 00 and the TM 01 optical modes [21] in metal-metal waveguides of different ridge widths and with different side-absorber dimensions using a finite element method (Comsol Multiphysics). Figure 1a shows the simulated threshold gain g th of the TM 00 and TM 01 optical modes over the heterogeneous QCL gain bandwidth for a laser bar of 85 µm width assuming that the TM 00 and TM 01 optical modes experience the same mirror losses.
Owing to the high confinement provided by the MM waveguide, the threshold is approximately the same for the TM 00 and TM 01 modes in the absence of the side absorbers (solid lines), confirming that both modes will reach lasing threshold. By implementing side metal absorbers (dashed lines), the higher order lateral modes experience larger losses than the TM 00 mode. The thinner absorber (5 µm) leads to a lower g th for the fundamental mode than the 7-µm-wide absorber. We then performed additional simulations to determine the optimum absorber width, for different ridge widths, needed to ensure that the threshold gain of the TM 00 mode is ~1.5 times smaller than that of the TM 01 mode. Our simulations show ( A/cm 2 , and a maximum peak optical power of 17 mW and exhibits laser action up to 120 K.
Continuous wave LJV characteristics (Fig. 3a) show a maximum power of 4 mW at 20 K with a comparable J th .
Spectral measurements were performed using a Fourier-transform infrared (FTIR) spectrometer operating under vacuum, with a resolution of 0.075 cm -1 . The lasing spectra broaden gradually at increasing the bias current, starting with a ~1.05 THz bandwidth with a few modes missing on the low energy side of the spectrum (Fig.3b) , at a current density 100A/cm 2 above threshold, and reaching the broadest bandwidth of 1.3 THz (2.25-3.55 THz) at a current density of 450 A/cm 2 at 15 K in both pulsed (Fig. 2b) and CW (Fig. 3c) regimes. The spectra present an almost uniform power distribution between all modes within the spectral bandwidth, indicating that the side absorbers effectively reduce any mode competition effects.
To characterize the spectral emission and its coherence, we performed beatnote measurements at different points on the L-I curve. The QCL was driven in CW by a low-noise power supply (ppqSense) and the radio frequency signal was recorded using a bias-tee connecting the QCL and a radio frequency spectrum analyzer (Rohde & Schwarz). The beatnote map is shown in Figure 4a . A prototypical beatnote spectrum at I = 530 mA (215 A/cm 2 ) is shown in Figure 4b . The retrieved narrow beatnote linewidth (4.15 kHz) suggests that the FWM process is locking the lasing modes which are therefore evenly spaced by the cavity roundtrip frequency f r = c/2Ln, being L the cavity length and n the effective refractive index.
By investigating the evolution of the spectra (Figs 3b-c) and the corresponding RF signals (Fig. 4a) across the THz QCL dynamic range, we can unveil the intracavity dynamic behavior of the laser optical modes. Remarkably, for currents just above threshold (Fig. 3a) and for a continuous 106 mA current range (430mA-536mA), a single narrow beatnote (width < 5KHz) is observed ( Fig.   4b and inset of Fig.5a ). The corresponding QCL FC spectral bandwidth cover a discontinuous 1.05
THz range and a continuous 0.7 THz range in which 55 equally spaced optical modes regularly distribute. It is worth mentioning that the QCL linewidth is limited here by the jittering of the beatnote because the laser is not stabilized. At higher currents, and for a very limited current range (536-540 mA), a transition to a multi-beatnote regime with an overall mode spacing of 200 MHz can be observed. (Fig.4a) . This is likely to be due to some higher order lateral modes reaching threshold in this regime, despite the side absorbers, introducing a slightly different f rep with respect to the fundamental modes. In this condition, the beatnote turns again single and narrow (4.1 kHz),
indicating the occurrence of a new comb regime (540-543 mA), prior to entering a dual beatnote regime (544-560 mA) with two dominant beatnotes (14.1 GHz and 14.9 GHz) both with a ~ 4.2 kHz linewidth.
We tentatively attribute this behavior to the dual comb nature of our heterogeneous active core. Indeed, the spectrum in Fig. 3b shows two main families of modes, one centered at ~ 3.1 THz and a second one centered at ~ 2.7 THz that arises at slightly higher applied voltages and whose intensity progressively increases with bias. The two families of modes arise from two of the three active region modules interleaved together [10] , which by themselves, behave like a comb over a small current range above their slightly different threshold currents [10] .
At larger currents (> 560 mA) we observe a broad beatnote that progressively broadens further upon increasing the applied voltage (Fig. 4a) ; this feature is characteristic of a lasing regime where the GVD is large enough to prevent the FWM from locking the lasing modes in frequency and phase simultaneously. The large dispersion is here due both to GVD mat and the GVD gain . Indeed the heterogeneous nature of the active region entangles the dispersion dynamics at large biases. The corresponding spectrum at I = 1.1 A (Fig. 3c) extends over a 1.3 THz bandwidth. Such a complex mode dynamic is well-known [14, 9, 22] . While the gain is clamped to the total losses immediately above threshold, the line shape of the gain curve of the heterogeneous active region experiences changes with the applied electric field, meaning that the dispersion is bias dependent.
To further corroborate our data, we measured the electrical and thermal tuning of the beatnote in the operational regime in which the QCL behaves like a frequency comb, during CW operation. Figure 5a shows the tuning of the RF-signal of the THz QCL comb as a function of the driving current and at a fixed operating temperature of 15 K. The beatnote blue shifts across the explored region, spanning a 370 MHz range with a tuning coefficient of 5.0 MHz/mA, which decreases to 2.1 MHz/mA when the current is larger than 480 mA. The observed dependence of the intermode beatnote frequency on pump current cannot be explained by considering only the ohmic heating of the device core, which would conversely predict a monotonic decrease in frequency. The observed trend is likely related to the gain dynamics behind the active region architecture.
Specifically, this is a consequence of the variation of the relative distance between the beating modes owing to the variation in effective refractive index, which affects the gain spectrum.
In semiconductor lasers, the refractive index variations (and corresponding emission frequency variations) due to the gain change with pump current can be estimated via the linewidth enhancement factor that unlike diode lasers, in a QCL can be either positive or negative, depending on the position of the emission frequencies relative to the gain peak and the dynamics of the gain spectrum. Finally, it is worth mentioning that the beatnote linewidth remains practically unperturbed over this current range (Inset to Fig. 5a ). Norm. intensity (a.u.)
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